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The phenomenon of grain-size dependent pressure-induced amorphization (PIA) in TiO, nanomaterials has
been evidenced by several experiments in recent years. This has stemmed mainly from x-ray diffraction (XRD)
and Raman studies of ultrafine grained anatase. Until now there is no experimental evidence of the length scale
of disorder nor is there a clear picture of the amorphous structures, specifically in the case of pressure
amorphised anatase-TiO, starting material. The unresolved issues of the structural details and atomic-scale
picture of the high-density amorphous (HDA) phase have now been addressed in an x-ray absorption spec-
troscopy (XAS) pressure study at the Ti K-edge. The local environment of the cation, to within a few nearest-
neighbor shells, has been monitored up to ~30 GPa where the HDA phase is stabilized. In this phase the
titanium atom is surrounded by 3 + 0.5 oxygens at 1.89 A and 3 + 0.5 oxygens at 2.07 A. The XAS results of
this study suggest that a precursor ordered structural phase, different to that of anatase, is prevalent before
amorphization occurs. The nature of this high-pressure stabilized precursor to amorphization likely depends on
the starting experimental conditions at ambient pressure. In some cases this precursor has been identified as the
columbite (a-PbO,-type) crystalline structure perhaps with only limited range order. Samples of this type
appear to evidence a “memory effect” in that after cycling into the HDA phase (up to 30 GPa) where complete
structural disorder prevails, this a-PbO, structural intermediate is reestablished in a limited pressure range of
the decompression cycle. It is also found that a new structure is stabilized in all cases of samples decompressed
from the HDA phase to ambient conditions, characterized by fivefold coordinated Ti (2*+0.5 oxygens at
1.84 A and 2.5+0.5 oxygens at 2.06 A) and is therefore structurally distinguishable from the HDA phase.
These conceptual pictures are derived from the pressure dependence of both the extended x-ray-absorption fine
structure (EXAFS) and the preedge parts of the absorption spectra.
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I. INTRODUCTION

As is evident throughout the literature in recent years
there is considerable interest in the physical properties of
nanomaterials (in comparison to bulk analogs) and more spe-
cifically in the case of nano-TiO,, due to both the intrinsic
properties of the titanium oxide compound itself, and the
modifications obtained because of the nanocrystalline char-
acter. Titanium oxide can be found in a number of crystallo-
graphic phases, some of which are stabilized only under high
pressure or recovered by decompression to atmospheric pres-
sure. The increase in surface to bulk ratio when the grain size
reaches the nanoscale generally induces new physical prop-
erties, including unusual pressure responses. '

The behavior of single crystals of titanium dioxide rutile
(tetragonal [4;/amd) and anatase (tetragonal P4/mnm) un-
der pressure at room temperature is well known.>-® During
compression at ambient temperature anatase transforms first
to a compound isostructural to columbite (orthorhombic
a-Pb0O, type—Pbcn) at a pressure in the range 2-5 GPa,
and then to a polymorph isostructural to the baddeleyite
structure (monoclinic ZrO,—-P2,/c) at P>10 GPa. The
transition pressures to new polymorphs seem to depend on
the nature of the starting material, i.e., grain size, single- or
polycrystalline state, defect and off-stoichiometry consider-
ations and presumably the degree of hydrostaticity attained
through the pressure medium used. The rutile form directly
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undergoes a pressure-induced conversion to a baddeleyite
(monoclinic—P2,/¢) type structure, the onset pressure of
which is at P~ 12 GPa. Upon decompression of the bulk
material to ambient conditions, the formation of an
a-PbO,-type structure is observed for both starting anatase
and rutile polymorphs.

Surprisingly enough on the nanoscale (i.e., grain sizes of
critical dimensions d~ 10 nm or less), there is evidence that
the starting anatase material is stable to higher pressure than
in the bulk analog and pressure-induced amorphization (PIA)
occurs at around 20 GPa. The pressure evolution of structural
phases of nanoanatase starting material appears to be quite
sensitively dependent on the average grain size. For instance,
Swamy et al.” gathering different results obtained mostly by
Raman spectroscopy and x-ray diffraction, describe a kind of
phase diagram for these materials where, below a size of
about 12 nm, there is a direct PIA pathway. In the range
12—-40 nm anatase transforms into the baddeleyite-type struc-
ture and for grain sizes greater than d ~ 50 nm, the transition
pathway often follows the anatase — a-PbO,-type
— baddeleyite sequence typical of the bulk. For nanoanatase
below critical dimensions of d~4 nm some degree of
pressure-induced disorder has been predicted' by molecular
dynamics simulations.

This paper presents an x-ray absorption spectroscopy
(XAS) study of the pressure response of nanoanatase, of av-
erage grain size of ~6 nm, up to pressures of ~30 GPa at
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room temperature. XAS, through the analysis of the fine
structure in the extended regime (EXAFS) and of the pre-
edge features, permits quite a detailed description of the lo-
cal structure around a given atom, in this case the titanium,
to be obtained. Therefore it is a well-suited technique to
follow the evolution with pressure of the local environment,
in particular when amorphization occurs.

II. EXPERIMENT

Samples of nanoanatase TiO, with an average grain size
of 6 nm were synthesized from TiCl, by the hydrothermal
method,® and characterization of the nanoanatase starting
material was made by using both transmission electron mi-
croscopy (TEM) and x-ray diffraction. The Scherrer formula
has been used to estimate an average particle size of diameter
d~6 nm from the (101) and (200) diffraction linewidths.
The high-pressure XAS has been realized by means of a
special diamond anvil cell (DAC), analogous to that de-
scribed previously for perovskite studies.” The total thick-
ness of the diamond anvils in the path of the incident beam
has been reduced to 1 mm by using the perforated diamond-
anvils concept to allow transmission experiments at the tita-
nium K-edge (~5 keV). The anvils culet had a diameter of
200 wpm, and the sample cavity drilled in an inconel gasket
was about 80 um in diameter. The pressure transmitting me-
dium was silicone oil. Pressures above 30 GPa can be reli-
ably attained with this assembly, and the pressure is mea-
sured through the fluorescence of a small ruby chip
introduced near the sample. Coarse grained samples (d
>50 nm), representative of both bulk anatase and rutile,
have also been investigated under very similar conditions in
the same DAC, so as to represent reference systems. XAS
experiments have been performed at the LUCIA beamline
located at the Swiss Light Source.!? This beamline delivers a
high photon flux (around 10" ph/sec) on a 3 X3 um? spot
half-width at half maximum (HWHM) at the energy of the
titanium K-edge. The incoming flux is monitored by the total
electron yield signal from a 5 wm plastic foil covered by
800 A of nickel, while the transmitted signal is measured by
means of a silicon diode. At each pressure, three scans are
added to increase the signal-to-noise ratio, leading to an
overall recording time of 40 min per pressure step. Two
Si(111) crystals were used as a monochromator and provide
an energy resolution of 0.7 eV at the Ti K-edge. The energy
calibration of the monochromator has been obtained by set-
ting the first inflexion point of the absorption spectrum of a
pure titanium foil to the value of 4966 eV. The scanned en-
ergy range is limited to 600 eV above the edge, due to the
presence of Bragg peaks of the diamond anvils above this
limit.

III. ANALYSIS AND RESULTS

A. Analysis methods

An XAS analysis starts with that of so-called model com-
pounds (or references), for which the crystallographic data
are well known. This ensures that the data acquisition and
the extraction of the signal do not introduce spurious fea-
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tures. Here, the model compounds are the low-pressure bulk
phases of rutile and anatase, the high-pressure baddeleyite
phase and the a-PbO, structure obtained upon full decom-
pression to ambient of the pressurized starting materials. All
these experiments on microcrystals (grain sizes of several
microns) have been conducted in the same DAC under very
similar conditions used for the subsequent experiments on
the nanophase samples.

The modeling of the EXAFS data has been done in a now
classical way using the IFEFFIT package'' which consists of a
Victoreen modeling of the pre-edge region, a cubic spline
modeling of the background after the edge and then a Fourier
transform of the k"-weighted residual y(k) which gives the
pseudo radial distribution function. All the experimental data
have been processed using the same procedures and using
the same set of parameters, so as to minimize random errors.
To check this analysis, the data for the well-defined bulk
compounds at ambient pressure have been modeled with the
only free parameters being the Debye-Waller factors of the
involved paths, since distances and coordination numbers are
fixed by the crystallography. E, (absorption edge) and the
so-called 5§ factor which describes the inelastic losses in the
absorption process, were then kept fixed, independently of
the pressure, and set at values determined from fitting the
references. Figure 1 gives a comparison between the raw
data for the two starting situations, namely the “macro-" and
the nanoanatase samples at ambient pressure. Figure 2 shows
the typical agreement which is obtained by the above analy-
sis procedure for anatase after a full pressure cycle, i.e., the
starting material converted to the @-PbO, form. The rest of
the study of the nanoanatase will then mainly consist of com-
parisons between the different Fourier transforms, i.e., inter-
comparison of the nearest-neighbor shells of the pseudo ra-
dial distribution function.

The analysis of the pre-edge features located just below
the main absorption edge consists, as already implemented
by several other groups on different systems, of two steps.
First a modeling of the background with a Lorentzian func-
tion which is then subtracted from the raw data and, second,
a fitting of the overall structure by Voigt functions with a
50%-50% weighting of the Gaussian and Lorentzian parts.
As is well documented now, there are three pre-edge peaks in
the rutile structure that are usually labeled Al, A2, and A3.
In anatase the second peak is split into two peaks, provided
that the energy resolution is good enough. It may be noted
that this splitting has also been observed and interpreted in
rutile.'>!3 We have labeled these peaks in the case of anatase
as follows: Al (~4968.8 eV), A'2 (~4970.7 eV), A2 (
~4972 eV), and A3 (~4974.5 eV) for the sake of consis-
tency with rutile. The rutile pre-edge structure has been theo-
retically explained with different methods which mostly con-
verge in their conclusions.'>!* The first low-energy peak Al
is of purely quadrupolar origin (on-site Ti 1s— 3dt,,) while
its e, counterpart is essentially superimposed on peak A2 and
could be at the origin of peak A’2. A2 and A3 are of dipolar
origin as a result of hybridization with orbitals from the sec-
ond nearest-neighbor titanium atoms (t,, and e, parts of
these 3d orbitals). The quadrupolar transitions are lowered in
energy due to the core-hole effect. Finally the hybridization
with nearest-neighbor oxygens, which occurs if there is an
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FIG. 1. (Color online) (a) Raw spectra for both bulk and nanoa-
natase samples at the Ti K-edge at ambient pressure measured in the
diamond anvil cell. (b) Corresponding EXAFS signals.

absence of an inversion center (e.g., off-center character of
the Ti atom in the octahedral environment of oxygens) as in
the case of anatase, may also contribute to these peaks
(mainly A’2).

B. Results

1. Bulk anatase and nanoanatase at ambient pressure

All experimental runs have been made with the same
DAC in the same geometry. Figure 3 shows a comparison of
the Fourier transforms of the EXAFS oscillations of bulk and
nanoanatase at ambient pressure, both spectra collected in-
side the DAC. As expected they are very similar; the de-
crease in intensity of the peaks in the nanophase relative to
those in the bulk is just a consequence of the size of the
nanocrystals. Figure 3 also shows the pre-edge peaks for
these samples. The intensity of the A’2 peak is much more
intense for the nanophase sample than for bulk anatase. Ac-
cording to Farges et al.' this peak may be related to the
amount of fivefold coordinated titanium, consistent with the
increased amount of fivefold coordinated surface atoms in
the nanocrystals.
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FIG. 2. Fit of the EXAFS data of bulk TiO, anatase transformed
into the @-PbO, form after a full compression-decompression cycle
(pressurized up to 21 GPa then decompressed to ambient). (a)
shows the magnitude of the Fourier transform (FT) of the pseudo
radial distribution function. (b) shows the k*-weighted EXAFS.
Only single scattering paths up to the seventh shell have been
included.

2. Pressure-induced phase transition in nanocrystalline anatase

a. Extended x-ray-absorption fine structure data. Evi-
dence for an amorphization transition. Four separate experi-
ments have been done using the same sample batch and the
same experimental conditions. These pressure sequences
have been summarized in Table L. In all sets of data (series
#1, #2, #3 and #4) the behavior up to 10 GPa appears to be
identical, corresponding to a simple compression of the ini-
tial structure. Above this pressure some modifications in the
spectra are observed. Results from series #2 differ from the
results of the other series and will be discussed separately in
this paper. The most detailed set of measurements also in-
volving the highest resolution scans through the K-edge have
been taken in series #3, and so the results of this series,
representative of the behavior in series #1 and # 4 as well,
will be discussed.

Figure 4 shows the evolution of the x-ray absorption near-
edge spectrum (XANES) up to 20 GPa in series #3. The
XAS spectra have first been carefully normalized in order to
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FIG. 3. (a) Comparison of the FT magnitude of the EXAFS of
bulk and nanoanatase at ambient pressure; (b) shows the corre-
sponding pre-edge part of the spectra.

take into account the change in the overall absorption at
high-pressure conditions. Isobestic (“stationary”) points ap-
pear clearly, but at different energies below 15 GPa and
above 15 GPa. The presence of isobestic points signifies that
the sample has undergone a distinct structural phase change
at some characteristic pressure in each of the pressures
ranges indicated in Fig. 4. These are anatase — unidentified
intermediate in the vicinity of 12 GPa and unidentified
intermediate — high pressure amorphous structure onset at
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FIG. 4. (Color online) Evolution of the XANES spectra with
increasing pressure from 0 to 12 GPa (a) and from 12 to 20 GPa (b)
for the measurements of series #3, showing the two sets of isobestic
points.

pressures above 15 GPa. The Fourier transforms of the EX-
AFS oscillations (Fig. 5) also show a difference in the pres-
sure evolution in these two pressure ranges to corroborate the
conclusion derived from the XANES evolutions depicted in
Fig. 4. There is some degree of structural disruption of the
anatase already occurring between 10 and 15 GPa to some
(unidentified) intermediate-range crystallinity distinct from
the anatase structure, and this is a precursor to amorphiza-

TABLE 1. Sequence of pressure measurements for the four series of experiments on TiO, nanoanatase

Compression Decompression
Series 1 0.3,2.3,5.5,7.5,9.8, 4.7 GPa and ambient pressure
12.8, 15 and 16 GPa
Series 2 0.3, 10.8, 15.7, 20, 11, 6.3 GPa and ambient pressure
25 and 31 GPa
Series 3 1, 1.9, 29, 4,7, 10, 17.8, 15.9, 14,
12, 14.5, 16.7, 20 GPa 12, 10.5, 8.8, 7, 4.7,
2.6, 1.5 GPa and ambient pressure
Series 4 0.5 to 15 GPa 3.5 GPa Recompression Decompression
3.5—21 GPa 21 GPa— ambient
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FIG. 5. (Color online) The magnitudes of the Fourier transforms
corresponding to experiments in series #3 of Fig. 4. Note in panel
(a) at 3.3 and 4.2 A in the 12 GPa spectrum the signatures of the
structural intermediate that emerges prior to amorphization.

tion. The previous Raman and x-ray diffraction (XRD) pres-
sure studies of Pischedda et al.' would then suggest that the
original anatase phase coexists with this new intermediate-
range crystalline phase. Complete disorder becomes evident
above 15 GPa where coordination shell signatures beyond
the oxygen nearest-neighbor distances show an appreciable
reduction in intensity.

Moreover, in series #4, pressure has been increased only
to 15 GPa and then decreased to 3.5 GPa. Figure 6 shows
that the XANES spectra of series #4 (0 GPa), series #3 (0
and 4 GPa upstroke) are identical, with only a very slight
effect of the pressure, but the XANES of the 3.5 GPa down-
stroke of the sample in series #4 is definitely different. This
emphasizes that the compression to 15 GPa (prior to amor-
phization) modifies the structure of the anatase sample to that
of a new phase at least involving mid-range order over sev-
eral coordination shells, and this modification is not
reversible.

In all series the amorphization begins in the 15-20 GPa
pressure range and discerned up to 30 GPa, the highest pres-
sure of this study. This is evidenced by the lack of any peak
structure in the pseudo radial distribution function beyond
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FIG. 6. (Color online) XANES part of the absorption spectra of
nanoanatase for series #3 and #4, at near ambient pressure and in
the vicinity of 3 GPa upstroke (up) and downstroke (d). Down-
stroke spectrum shows the irreversibility after the sample in series
#4 has been compressed to the highest pressure of 15 GPa (see
text).

2 A (Fig. 7). This suggests progressive collapse of an or-
dered network on a scale of ~2 A and beyond, i.e., extend-
ing beyond the first nearest-neighbor shell. The first shell,
attributed to the nearest-neighbor oxygen environment, ex-
hibits a structure which may be deduced from the unresolved
splitting of this shell into two groups of interatomic dis-
tances. Values of 3+0.5 at 1.89 A and 3+0.5 at 2.07 A
have been derived from the fitting procedure in the EXAFS
analysis.!! It appears that the average Ti-O distance is larger
in the high-pressure amorphous phase than in the lower-
pressure phases (with an octahedral environment around the
Ti atom). This is generally observed with an increase in the
coordination number. Such a behavior is expected for a tran-
sition to the baddeleyite phase, where the oxygen coordina-
tion increases from 6 to 7. In the case of the amorphous
high-pressure phase, the oxygen polyhedron is strongly dis-
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FIG. 7. FT Magnitude of EXAFS of the HDA form of nanoa-
natase measured at 30 GPa, compared to the high-pressure form of
bulk TiO, at 21 GPa (i.e., baddeleyite-type phase).
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FIG. 8. (Color online) Comparison of FT magnitude of nanoa-
natase (series # 2) at ambient pressure (red), compressed up to 15
GPa (crosses, blue) and bulk anatase decompressed to ambient pres-
sure after pressurizing to 21 GPa, to obtain the a-PbO, form of
TiO, (black). Note the similarity in peak features (positions) of the
phases obtained at 15 GPa upon compression, and that of the
a-PbO, form of TiO,.

torted and cannot be fitted using a local environment similar
to that of the baddeleyite phase. The EXAFS analysis pro-
vides the experimentally deduced atomic-scale picture of the
high-density amorphous (HDA) phase of nano-TiO,. This is
information which cannot be derived from the previous XRD
and Raman pressure data dominated by a broad featureless
spectral envelope typical of a highly disordered phase.

Transition through an a-PbO, phase pathway (as exem-
plified by series #2). The behavior in the vicinity of 15 GPa
is more peculiar for the series #2. At this pressure, the
change of the local structure does not correspond to a pro-
gressive destruction of the long-range order prior to an amor-
phization. Instead the Fourier transform becomes very simi-
lar to that of the decompression product found when the bulk
anatase has been compressed to 21 GPa and then relaxed
down to atmospheric pressure (see Fig. 8), i.e., the a-PbO,
form of TiO, obtained after such a pressure cycle.

For nanoanatase of an average grain below a critical value
d~ 10 nm, there seems up to now to be a consensus (based
on XRD and Raman pressure data) that there is only a direct
transition from nanoanatase to a disordered phase, whose
onset is at ~20 GPa. The transition to other lower-symmetry
crystalline forms (either a-PbO, or baddeleyite at transition
pressures of ~5 and ~12 GPa, respectively) has only been
observed for larger grain sizes, and the transition pressures
are somewhat dependent on various extrinsic factors.

We have presented evidence here that, for the nanophase
sample with an average grain size of 6 nm, a transition to
crystalline phases with intermediate-range structure does oc-
cur, preceding the PIA.

Upon decompression from the highest pressure of 30 GPa
in the series #2, a singular point appears again at ~11 GPa
where both, (i) the first oxygen shell narrows and retrieves
almost the shape it had at the first structural transition to
a-PbO,-type during the pressurization similar to that de-
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FIG. 9. Comparison between the Fourier transforms of pristine

nanoanatase (series #3) at ambient pressure and that observed after

a full compression-decompression cycle showing the decrease in
the coordination number of the first oxygen shell.

picted in Fig. 8 and (ii) a peak at long distances is again
present, around 2.5 A, very close to that found in a-PbO,
with a decrease in the intensity of the second component at
3 A. Therefore, from a local point of view around the tita-
nium atoms, it seems that a kind of recrystallization to a
phase very similar to a-PbO, takes place when the pressure
is relaxed from 30 GPa down to 11 GPa, although true
medium- to long-range order is not very well defined. More-
over it appears that this structural situation is transient, in
that upon further decompression to ~6.5 GPa and lower, the
system stabilizes into a disordered structure once again with
a distorted first shell, and comparable to the final (recovered)
product obtained in the other series of experiments.

Return to ambient pressure. In all series of measurements
the final step down to atmospheric pressure induces a new
local structural transition: The first shell undergoes a definite
drop in intensity and it appears now composed of an asym-
metric peak, which can be fitted by two subshells of 2 = 0.5
Oat1.84 A and 2.5+0.5 O at 2.06 A, suggesting an over-
all fivefold coordination (Fig. 9). The Fourier transform does
not exhibit any defined structure beyond the first shell, ex-
cept a very slight contribution at the distance of the second
peak observed in baddeleyite or a-PbO,, which means that
this structure is very poorly crystallized. However, it appears
difficult to give a detailed structural description of this kind
of “low-density amorphous” (LDA) end product except per-
haps to assert that it is definitely quite distinct from the HDA
phase.

b. Pre-edge structure. The pre-edge structures for the
various structural forms of TiO, at ambient pressure are dif-
ferent and therefore they are very sensitive to the modifica-
tion of short- and long-range orders. For Ti atoms in an oc-
tahedral environment of oxygen (distorted or not), the origin
of the different contributions to these structures is well docu-
mented and has been described in the introduction.

This description, valid only for an octahedral environ-
ment, is mainly related to the crystal-field splitting of the
titanium 3d orbitals and therefore is not applicable for an-
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FIG. 10. (Color online) Evolution of the pre-edge peaks of
nano-TiO,, (a) series #3 and (b) series #2.

other type of local environment. For example in a tetrahedral
environment the origin of the pre-edge, which is more in-
tense in this geometry, would be clearly different. In the case
of the high-pressure phase of TiO, (baddeleyite), to the best
of our knowledge, no calculation of the pre-edge part has
been performed. Nevertheless, the shape of the pre-edge con-
stitutes a fingerprint of the structure. Therefore it is consid-
ered interesting to follow the pressure evolution of the pre-
edge structure in order to elucidate the phase transformation
sequence of the pressurized nano-TiO,.

Figure 10(a) shows the pre-edge part of the absorption
spectra obtained at different pressures for various phases of
series #3. As already pointed out, the nature of the structural
phase evolution with pressure is somewhat different for the
series #2, therefore we will discuss the results obtained in
each of these series independently.

In all series the spectra obtained up to 12.2 GPa are simi-
lar to that taken at ambient pressure, except for a minor
change in the intensity and in the position of the A3 peak.
The overall shape remains similar, which indicates only a
small variation in the structure: The Ti is still in an octahe-
dral configuration, confirming the results of the EXAFS
analysis. At higher pressure, around 15 GPa, a pronounced
modification of the pre-edge spectrum occurs. Here again we
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have a good agreement with the EXAFS analysis. At 30 GPa,
the shapes of the four peaks have definitely changed, the
most evident signature being the sudden intensity drop of the
peaks A’'2, A2, and A3. The intensity decrease of these
peaks, which are theoretically explained by the hybridization
of the central Ti 3d-orbitals with those cations from the
neighboring octahedra, is consistent with a picture of amor-
phization of the structure. When the pressure is fully re-
leased, a new spectrum is observed with the appearance of a
very intense peak close to 4971 eV. This spectrum may be
compared with the one observed for nanocrystalline sol-gel
anatase samples,'® where the intense peak was attributed to a
reduced coordination of Ti atoms, mainly in fivefold
coordination.'’ This is supposed to signify a totally different
structure of the material in the recovered specimen which
may be referred to as the LDA phase, as opposed to the HDA
phase stabilized above 15 GPa. Here again there is a good
agreement with the EXAFS results.

In series #2 both HDA and LDA spectra are identical to
the spectra obtained in the other series [Fig. 10(b)]. The main
difference in this series is the EXAFS spectrum obtained at
15.5 GPa. At this pressure the EXAFS analysis indicates that
the sample is partly in an a-PbO, structure although the pre-
edge spectrum does not match that of the a-PbO, decom-
pression product obtained from bulk TiO,. A strong decrease
of the A3 peak is again observed, as in the case of the HDA
phase. An explanation then is that the sample is not pure
a-PbO, and coexists with the emergent HDA phase. This is
not necessarily contradicted by the EXAFS data, which evi-
dence mostly the ordered part of the sample. Therefore at
~15 GPa in this series the structure observed in the Fourier
transform of the EXAFS oscillation above 2 A reflects only
the contribution of the a-PbO, phase.

IV. CONCLUSIONS

There is always a problem of definition of the disorder in
solid materials, and how it is possible to discriminate be-
tween glassy, amorphous, and poorly crystallized samples.
The existence of a glass transition temperature measured
from the viscosity is a clear signature of the glassy state. The
difference between purely amorphous and poorly crystallized
samples is more difficult to define. Here, by means of a tech-
nique very sensitive to the kind of local order around one
given atom, namely the titanium, there is evidence that
nanoanatase of an average grain size ~6 nm, exhibits in all
cases a pressure driven disorder on a scale of ~2 A. This is
supposed to be indicative of a purely amorphous network,
i.e., with a disorder beyond the first nearest-neighbor shell.
This amorphization whose onset lies in the 15-20 GPa range
is evident in either the EXAFS or through the behavior of the
titanium pre-edge peaks. The full release of pressure to am-
bient conditions results in a LDA compound. This is different
from the recovered product of bulk anatase starting material
after a full compression-decompression cycle. It is also dif-
ferent from the HDA phase, i.e., TiO, is one more example
where polyamorphism takes place. In all experiments start-
ing from the same batch of nanoanatase, there is a transition
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of crystalline anatase to an intermediate-range crystalline
phase prior to amorphization with an onset at pressures
above ~15 GPa. In one series, the a-PbO,-type structure
has been detected at ~15 GPa together with a partial amor-
phization. In this last case, the decrease in pressure from the
HDA phase regime proceeds first via a recrystallization path-
way to a a-PbO,-type structure (discerned at ~11 GPa).
This suggests that there is a kind of memory effect of the
compression pathway, before reverting to a LDA phase simi-
lar to what is seen in the other series suite of experiments
upon decompression to ambient conditions.

Considerations that arise from these results, and that have
not been addressed in the previous (Raman and XRD) inves-
tigations of this size dependent PIA, are as follows:

(i) There may be very different structural pathways which
evolve at pressure although they originate from the same
batch of ultrafine grained nanomaterial. The “phase diagram”
as exemplified by this case of nanoanatase starting material
as a function of pressure is not uniquely defined, and the
evolution of the sample appears to be sensitively dependent
on the “pressure conditions.” To rationalize this we propose
that there may be some pressure influenced sintering (grain-
growth) phenomenon between different particles of an ap-
propriate orientation, so that the sample behaves locally as if
it was made of larger grain-size particles (d>50 nm). This
means that the ultrafine grain-size identity (d<<10 nm) is
lost. Actually, this behavior has also been invoked to explain
recent results obtained by x-ray diffraction upon a P-T
treatment.!” Alternatively the batch of ultrafine grained start-
ing nanoanatase material is such that there are possible
nucleation sites for the emergence of the a-PbO,-type inter-
mediate as it is the case for the bulk material. The polymorph
(a-PbO,-type) intermediate occurs at pressures before the
end-point transition to the energetically favored HDA (at P
~20 GPa). This is perhaps a corroboration of the idea that
there is an extreme sensitivity of the P-T phase diagram to
grain-size identity in the case of nano-TiO,, and perhaps in
many other nanostructured systems as well. Whatever the
structural transition route, the behavior is very distinct from
that of the bulk since the HDA phase and not the baddeleyite
phase is stabilized at pressures above 20 GPa. It may be
noted that for the microanatase of this work, considered here
as bulk reference material, we observe that the first transition
to a-PbO,-type and baddeleyite occurs at higher pressures
(~12 GPa and ~18 GPa, respectively) than previously re-
ported. It has already been indicated in the introduction that
there are various factors that influence these transition pres-
sures in the bulk.>!”

PHYSICAL REVIEW B 77, 224112 (2008)

(ii) For all sets of experiments on nano-TiO, completed in
this work, the recovered amorphized end product is a new
structural phase, highly disordered as is the HDA phase but
comprising fivefold coordinated titanium motifs. This LDA
decompression product is radically different to what is ob-
tained after the same cyclic pressure sequence has been ap-
plied to either bulk rutile or anatase starting materials.

(iii) In previous studies the set of pre-edge peaks has been
widely used as a signature of the local symmetry around the
titanium atom, either from theoretical considerations or em-
pirical observations. It is advisable, as evidenced in this
study, that the behavior of these peaks be considered in con-
junction with the results from the local structure (EXAFS)
analysis. The summary interpretation of the pressure behav-
ior of the pre-edge features is as follows:

(a) Above 20 GPa, the amorphization process induces a
strong modification of the pre-edge peaks corresponding to a
change in the local environment around the Ti atom (loss of
medium-range order, loss of octahedral configuration, and
increase in the coordination number). Therefore, a simulation
of the pre-edge part of the absorption spectrum will require
new calculations based on a crystalline model energetically
close to that of the HDA phase (for example, the baddeleyite
structure).

(b) It may be noted that the contributions to the peak A’2
must have multiple origins, including both the interaction of
Ti with neighboring oxygen atoms when there is no inversion
center in the structure (off-center Ti in the octahedron as it is
the case for bulk anatase) and the existence of fivefold coor-
dinated Ti. Indeed the return to atmospheric pressure leads to
a new structure which is suggested by the EXAFS analysis to
be composed mainly of fivefold coordinated titanium
(2+050at1.84 Aand2.5+0.50at2.06 A). At the same
time we see a strong increase in both the A2 and A’2 peak
intensities.

Finally, the use of combined experiments where Raman
spectroscopy, XRD, and XAS are recorded at each pressure
step would be of paramount importance for a full description
of the behavior of such a system but, to the best of our
knowledge, such a setup is still not available.
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